Abstract. In order to examine the role of glutathione (GSH), a key cellular antioxidant, on spontaneous tumor development, we tested the effects of buthionine sulfoximine (BSO), a specific inhibitor of GSH synthesis, and 1,2-oxothiazolidine-4-carboxylic acid (OTCA), a cysteine and GSH precursor, on tumor incidence and spectrum in p53 nullizygous (p53 -/-) transgenic mice. Mice were randomly assigned to three groups: control (no treatment), BSO (20 mM in drinking water) or OTCA (6 g/kg in the diet) (n=30 per group). After 10 weeks, GSH levels were decreased 29-88% in all tissues except liver and brain in BSO-treated mice, while no changes were observed in most tissues from OTCA-treated animals. Mice in all groups showed similar survival patterns as well as incidence of the most commonly observed tumors: i.e., lymphomas (80%) and other tumors (38%). However, a 5-fold increase in incidence of colonic tumors (from 4-20%) was observed in the BSO-treated group, suggesting that GSH deficiency and loss of p53 function play contributory roles in colon carcinogenesis.
Introduction
Glutathione (γ-Glu-Cys-Gly) (GSH) is a ubiquitous intracellular thiol which functions as a major endogenous antioxidant and redox buffer (1, 2) . GSH has numerous other well-established functions including the detoxification of carcinogens, xenobiotics and lipid peroxides, the regulation of protein function and gene expression via alteration of redox sensitive trans-acting factors (3) (4) (5) (6) (7) .
Administration of GSH inhibited tumor formation in the murine skin multistage carcinogenesis model (8) , in aflatoxin-induced rat hepatocellular carcinomas (9) , and in DMBA-induced oral tumors in hamsters (10) . Likewise, manipulations that increase cellular GSH stores such as the administration of the GSH precursors, N-acetylcysteine or 1,2-oxothiazaladine-4-carboxylic acid (OTCA) have proven effective in inhibiting tumor formation at many sites (11, 12) . Conversely, depletion of GSH stores have been associated with increases in cell susceptibility to oxidative damage (13) and potentiation of aflatoxin B1-induced liver tumors (14) and benzo[a]-pyrene-induced pulmonary and forestomach tumors (15) in animal models.
Based upon the many protective roles of GSH, we postulated that GSH depletion represents a key risk factor for human carcinogenesis (16) . In laboratory animals and humans, glutathione depletion occurs as a result of heavy alcohol consumption (17, 18) , poor nutrition (19) , drug and xenobiotic toxicity (20) , and during aging (16, 21, 22) , factors which are often related to increased cancer susceptibility at many sites.
In the present study, we examined if specific alterations in GSH levels would result in changes in the onset of spontaneous tumor formation and/or alter the spectrum of induced tumors in the p53-deficient mouse model. The p53 deficient (knock-out) mouse has been utilized as an important model of tumorigenesis. The p53 tumor suppressor gene acts to prevent the propagation of DNA damage within the cell by instigating a diverse set of biological phenomena in response to genomic damage, including transient suppression of cell cycle progression, induction of apoptosis, activation of DNA repair genes, and modulation of DNA replication and transcription (23) . Cells with inactivated, mutated, or missing p53 lack one or more of these functions, thereby promoting genetic instability, inappropriate cellular responses to DNAdamaging agents such as ROS and chemotherapeutic agents, and eventual tumor formation. Mice in which both alleles of the p53 gene have been deleted are highly susceptible to a variety of spontaneous tumors at an early age and to premature death (24) . GSH levels were depleted using buthionine sul-foximine (BSO), a specific inhibitor of GSH synthesis, and oxothiazolidine-carboxylate (OTCA), a cysteine precursor and promoter of GSH synthesis was used to enhance GSH status.
Materials and methods

Animals and diets. Ninety male TSG-p53
-/-knock-out mice (4-5 weeks of age) were obtained from Taconic Labs (Germantown, NY). The derivation and tumor susceptibilities have been described (24) . Mice were individually housed in polycarbonate cages on hardwood bedding and were maintained on a 12-h light/dark cycle at 24˚C and fed an AIN-76A semi-purified diet ad libitum (AL). Mice were also allowed unlimited access to distilled water. After a 2-week acclimatization period, animals were randomly assigned to 3 groups: control, BSO and OTCA. Group 1, serving as a control, were fed the AIN-76A diet AL and given water AL. Mice in group 2 received AIN-76A diet and water supplemented with 2.5 mM BSO AL. After 5 weeks, the concentration of BSO in the drinking water was increased to 20 mM in this group. Mice in group 3 received the AIN-76A diet supplemented with 6 g/kg OTCA and water AL. Body weight was recorded weekly and water consumption was monitored periodically throughout the study.
Tumorigenesis studies and histopathological evaluation of tumors. All mice were observed daily for tumor formation by a qualified animal technologist (AALAS certified) throughout the test period. Animals that were moribund or were sacrificed as scheduled were necropsied under the supervision of a pathologist. The gross necropsy included an initial physical examination of the external surfaces and all orifices followed by an internal examination of tissues and organs in situ. The entire mucosal surfaces of the esophagus, stomach, small and large intestines, and rectum were opened and examined before fixation. All gross lesions were recorded in narrative, descriptive terms, including location, size number, shape, color, and texture. All tissues and organs were immediately preserved in 10% buffered formalin. Tissue fixation and trimming and slide preparation for histology were done as described in the NCI Carcinogen Bioassay Guidelines [DHEW Publication No. (NIH 76-801)]. Multiple sections were made on each tissue or organ in which a tumor was suspected. The pathologist recorded all microscopic findings, including all abnormalities, lesions, neoplasms, metastatic tumors and their anatomic location. Also, at the end of 10 weeks, 5 animals randomly selected from each group were sacrificed by CO 2 between 8:00 and 9:00 am. Tissues were immediately removed and rinsed in ice-cold saline, trimmed and weighed. Tissue samples were homogenized for GSH analysis and the remainder stored at -70˚C. Tissue homogenates (10% w/v) were prepared in cold 5% metaphosphoric acid (MPA). After centrifugation at 13,000 x g for 2 min, the extracts were stored at -70˚C for less than 1 week until analysis.
Analysis of glutathione. Glutathione was measured in MPA extracted samples using our micro-plate method (25) , based on the 5,5'dithiobis-(2-nitrobenzoic acid) (DTNB)/enzymatic recycling procedure of Tietze (26), and Owens and Belcher (27) .
Statistical analysis. Body weights, tumor incidence, tumor multiplicity, and GSH levels were compared between animals using analysis of variance (28) . Tumor incidence expressed as percentage of mice with tumors and was compared between the groups by Chi-squared analysis.
Results
Effects of BSO and OTCA on GSH levels in p53-deficient mice. In a subset consisting of 5 mice per group, blood GSH levels were monitored bi-weekly in retro-orbital blood samples over the first 10 weeks of the study (Fig. 1) . A progressive 30 to 35% increase in GSH levels were observed in both control and OTCA-treated mice over the 10-week period. Over the first 4 weeks, GSH levels tended to be higher in the OTCA group with a significant 15% difference observed at 4 weeks (p<0.05). However, no differences were observed between the 2 groups thereafter. Blood GSH levels of mice in the BSO group were the same as controls over the first 4 weeks when they were receiving 2.5 mM BSO in their drinking water. At each time point thereafter, when the animals were receiving 20 mM BSO, GSH levels were reduced to approximately 1.05 mM, 30-40% lower that those observed in either control or OTCA-treated mice.
After 10 weeks all 5 animals per group were sacrificed and tissue GSH levels determined (Table I) . No differences were observed between control and OTCA-treated mice for most of the tissues examined. In contrast, significantly lower levels were observed for all tissues except liver and brain in the BSO-treated animals. BSO-induced decreases in GSH ranged from 88% in the colon to 29% in the spleen. Liver levels were unchanged by BSO-treatment after 10 weeks.
Growth and survival of p53 deficient mice. Growth curves were similar for both control and OTCA treated mice throughout the course of the study (Fig. 2) . However, BSO had a significant effect on body weight, beginning at 5 weeks when Figure 1 . Blood glutathione depletion in BSO-treated p53 knock-out mice. Retro-orbital blood samples were obtained from mice in 3 groups: control, BSO (provided in drinking water) and OTCA (provided in diet) (5 mice per group). Samples were processed and GSH analyzed as described in text.
the BSO concentration was increased from 2.5 to 20 mM. During the initial 2.5 mM BSO period, body weight was identical between all 3 groups. Once the BSO concentration was increased to 20 mM, a decreased growth rate was observed compared to controls until 10 weeks of age where growth was virtually halted in the BSO animals. Thus, the initial 5-week period with 2.5 mM BSO was not effective at preventing the later loss in body weight. Over this later period, mean body weights were 15 to 20% lower in BSOtreated animals.
Survival curves for all three groups of p53-deficient mice (control, BSO-treated and OTCA-treated) are provided in Fig. 3 . The earliest death occurred at 44 days and the latest at 245 days. After the initial 6 weeks of the study, death rates were linear in all groups. Most importantly, no differences were observed in survival between groups throughout the 34-week study period.
Effects of BSO and OTCA on spontaneous tumor development in p53-deficient mice. A summary of the time course and spectrum of spontaneous tumor development in mice from all groups is provided in Table II . The spectrum and time of occurrence of tumors previously observed in control animals were similar to those observed for p53 deficient mice (29) . Tumors were found in all animals with about 40% of mice presenting with multiple tumor types. The most commonly Table I . Tissue glutathione levels in p53 knock-out mice after 10 weeks of BSO or OTCA administration. Table II . Effect of BSO and OTCA on tumor development in p53-deficient mice. 
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observed tumors were lymphomas (80%), and most of these involved the thymus (60%) and/or the spleen (45%). Other tumors, including sarcomas and hepatocarcinomas, were observed in 38% of control mice. No differences were observed in the occurrence or timing of any of the predicted tumor types between control mice in either BSO or OTCA-treated animals.
In contrast to these, premalignant and malignant colon tumors are relatively uncommon in this p53-deficient strain. Pathological examination revealed the presence of adenomatous polyps in 4% of control mice (Table II) . While the occurrence of colonic tumors in OTCA-treated mice did not differ significantly from control animals, a 5-fold increase was observed in BSO-treated animals. Specifically, the incidence of adenomas and adenocarcinomas in the BSO-treated group was increased by 3-fold (from 4-2%) and 8-fold (from 0-8%) respectively, compared to controls. The observed adenocarcinomas were well differentiated and invaded the muscularis mucosa while the adenomas were benign with moderate epithelial atypia. No differences in the time of occurrence of these tumors were detected between groups.
Discussion
GSH depletion has numerous effects on key cellular processes involved in the malignant conversion of cells including enhanced generation of ROS, induction of oxidative damage and decreased carcinogen detoxification capacity. High cellular levels of GSH, thus, may serve as a key protective mechanism against genetic damage by reactive genotoxic agents as well as affecting post-initiation phases of carcinogenesis. We sought to determine the direct effects of specifically modulating the tissue levels of GSH on tumor incidence and spectrum in the p53-deficient mouse which develops spontaneous tumors at several organ sites at an early age. Our results indicate that lowering the level of GSH by BSO administration does not accelerate tumor onset but does increase the incidence of colon carcinogenesis in these mice by 5-fold. Conversely, administration of OTCA had little effect on steady state GSH levels and tumorigenesis.
Due to its specificity for reducing GSH levels, low toxicity and effectiveness when administered in drinking water, BSO, a specific inhibitor of γ-glutamylcysteine synthetase, the rate-limiting enzyme for GSH synthesis, is well suited for chronic studies of GSH depletion (30, 31) . Our results demonstrate the effectiveness of BSO in the drinking water at depleting tissue GSH levels over long periods of time and in controlling tissue GSH at specific desired levels. It is of interest to note that after 10 weeks of administration, BSO had its greatest effect on colon tissue (88% depletion).
A 15-20% decrease in body weight was observed in p53-deficient mice treated with 20 mM BSO. However, there were no other observable indications of BSO-related toxicity in these mice. While the factors responsible for this reduction in body weight are unknown, we do not believe that this phenomenon affects the conclusions drawn from the studies. In a previous report, a decrease in body weight of nearly 50% by caloric restriction was associated with a significant decrease in the incidence of hematopoietic neoplasias and sarcomas and increased survival in p53-deficient mice (29) .
The major effects of GSH deficiency induced by BSO from previous study include mitochondrial damage to liver, kidney, lung, heart and lens of mice, but only after mitochondrial GSH levels were depleted by greater than 50% (32) . BSO induced structural damage to cells only when GSH levels were depleted by >97% for 3 weeks in mice (33) .
Consistent with previous reports (24, 29) , the major tumor types observed in all groups of p53-deficient mice were hematopoietic neoplasms and sarcomas. As a result of the rapid progression and lethality associated with these tumors, the mean lifespan of these animals was limited to approximately 15 weeks. Unlike calorie restriction, which has been shown to delay the onset of these specific tumor types and consequently enhance survival slightly in p53-deficient mice (29) , GSH depletion by BSO had no effect on either the onset of these tumors or overall survival. Thus the results presented here suggest that the loss of p53 is clearly the dominant factor in the etiology of these hematopoietic neoplasms and the absence of GSH plays, at best, only a minor role.
The damage induced by genotoxic agents and ROS are commonly thought to occur over long-periods of time and, thus, primarily impact on the induction and promotion of age-related tumors occurring later in life. Therefore, it is likely that the cellular protection afforded by GSH primarily impacts only those late occurring tumor types. The predominant tumor types occurring in the p53-deficient mouse are mainly lymphoid, which usually occur early in life in the human and are not associated with aging. It is perhaps not surprising, therefore, that GSH depletion has no substantial effect on the onset or lethality of these tumors. Moreover, because of the rapid tumor development and short lifespan of p53-deficient mice, few late developing, age-related tumors (such as colon cancer) are observed. Accordingly, colon tumors were observed in only 4% of control animals. Thus, our finding of 5-fold increase in incidence of colon tumors as a result of GSH depletion represents a significant enhancement in risk.
Colon cancer development and progression is believed to involve the systematic activation of oncogenes and inactivation of tumor suppressor genes, including p53 (34) , that results in a series of phenotypic cellular states displaying progressive dysplasia and enhanced proliferation (35) . Specific roles for oxidative damage and GSH depletion in this process are suggested by numerous reports demonstrating that antioxidants and other GSH-related compounds are effective inhibitors of colon carcinogenesis in relevant colon tumor models (36) . In the rat, dietary supplementation with specific GSH enhancing agents N-acetylcysteine or OTCA resulted in a reduction in the number of azoxymethane-induced aberrant crypt foci (ACF) in the colon (12) . Finally, molecular epidemiology studies have suggested that individuals who possess the null phenotype for the GSH-related detoxification enzyme GSTM1 are at increased risk for cancer at a number of sites including colon (37) .
In the present studies, OTCA was ineffective at increasing tissue GSH levels and no differences were observed between OTCA animals and control mice in any parameter measured. OTCA, which is converted intracellularly to Cys, the ratelimiting precursor for GSH synthesis, has been shown to enhance tissue GSH levels when administered either by injection or in the diet (OTCA has relatively low toxicity and has been used as a Cys pro-drug for the intracellular delivery of Cys since Cys itself is toxic (38) . However, in all reports in which OTCA was shown to enhance tissue GSH, the GSH levels were initially depleted by either fasting or administration of a GSH depleting agent. To our knowledge, there have been no reports of OTCA enhancing tissue GSH in tissues with normal GSH levels. This together with our present results suggests that OTCA is not an effective means of enhancing GSH levels in long-term studies.
In summary, these results indicate that a depletion of GSH and loss of p53 function may play contributory roles in colon carcinogenesis, perhaps involving the accumulation of oxidative damage over time. However, further mechanistic studies are needed to assess any pro-tumorigenic effects of GSH depletion, uncoupled from body weight changes, in the development of a useful model for spontaneous colon tumorigenesis.
